Rhizobium fredii USDA 206 harbors four large plasmids, one of which carries nodulation and nitrogen fixation genes. Previously isolated groups of plasmid-cured derivatives of strain USDA 206 were compared with each other to determine possible plasmid functions. Mutant strain 206CANS was isolated as a nonmucoid (Muc-) derivative of strain 206CA, a mutant that was cured of two plasmids. The Muc-phenotype of 206CANS was only expressed when the strain was grown on certain media, particularly those with polyols as carbon sources. Plasmid pRj2O6b of strain 206CANS was previously shown to have a higher copy number than the same plasmid in strains USDA 206 and 206CA. When this plasmid was transferred to Muc+ strains, it conferred a nonmucoid phenotype on recipient strains. The symbiotic effectiveness of the wild-type and cured strains was compared. Overall, few differences were shown, but strains 206CA and 206CANS were found to have higher nitrogenase activities than the other strains. Thus, there appeared to be a possible relationship among exopolysaccharide synthesis, plasmid copy number, and symbiotic effectiveness.
Rhizobiimrfredii is a recently classified species (33) which is made up of fast-growing bacteria that are able to effectively nodulate some soybeans. A recommendation has been made to reclassify these bacteria into a new genus, Sinorhizobiurn (12) . The commercially used and well-studied soybean symbiont is the slow-growing organism Bradyrhizobiium japonicium. Like other Rhizobiium species, most R. fredii strains have plasmid-borne nodulation (nod) and nitrogen fixation (nif) genes (23) . However, it has been shown that R. fredii USDA 206 probably carries nif genes on its chromosome as well as its 197-megadalton (MDa) Sym plasmid (a plasmid which carries nod and nif) (3) . A Sym plasmid-cured derivative of R. fredii USDA 206 retained the ability to nodulate soybean and fix nitrogen.
Rhizobium strains commonly harbor one or more large plasmids ranging in size from less than 50 MDa to more than 1,000 MDa. Several functions other than those known to be involved in nodulation or nitrogen fixation have been ascribed to Rhizobium plasmids. Known functions include exopolysaccharide (EPS) synthesis (10, 16) , inhibition of EPS synthesis (6) , melanin synthesis (5, 21, 23, 26) , phage sensitivity (14) , bacteriocin production (20) , competitiveness for nodulation (8) , and plasmid transfer (20, 23) . However, no function is known for most plasmids. Likewise, no function other than nodulation or nitrogen fixation has been reported for an R. fredii plasmid.
R. fredii USDA 206 carries four plasmids with molecular sizes of approximately 1, 000, 197, 60 , and 54 MDa (27) . A series of plasmid-cured derivatives were derived from strain USDA 206. Strains 206C, 206CA, and 206CAB were derived by growing them in the presence of acridine orange, while strain 206CANS was isolated as a nonmucoid (Muc-) mutant of strain 206CA following growth at 37°C. Strain 206CANS was also a mutant of melanin synthesis (Mel-). When plasmid pRj206b was transferred to strains 206CA and 206CAB, both Muc-and Mel-phenotypes were conferred on the recipient strains (W. M. Barbour and G. H. Elkan, manuscript in preparation). The purpose of this study was to use the cured derivatives of strain USDA 206 to identify the possible functions of the plasmids and the effects of various colony morphology changes on symbiosis.
MATERIALS AND METHODS
Bacterial strains and media. R. fredii USDA 206, its derivatives, and their lineages are listed in Table 1 . Bacteria were routinely cultured on yeast extract-mannitol (YEM) medium (38). Other carbon sources were substituted for mannitol at 10 g/liter, unless stated otherwise, and were used for colony morphology determination. The HM salts defined medium of Cole and Elkan (13) was also used and was supplemented with various carbon sources at 10 g/liter, unless stated otherwise.
Plasmid visualization. Plasmid profiles were determined on agarose gels by using the in-well lysis method of Plazinski et al. (32) and are shown in Fig. 1 .
Plasmid curing. Plasmids were cured by growth of the host strain for 8 to 20 generations in TY broth (4) containing acridine orange at 50 ,ug/ml. Cured strains were identified by plasmid screening (24) . Plasmid pRj2O6b was marked with transposon Tn5 (34) before it was cured. Plasmid-cured derivatives were then obtained by selecting for kanamycinsensitive derivatives.
Plasmid copy number determination. The procedure of Twigg and Sherratt (37a) and 206CANS. A randomized complete block design was used with sampling dates of 32 and 49 days after inoculation and four replications per sampling date. The inoculum was grown to the stationary phase in 100 ml of YEM broth in 250-ml Erlenmeyer flasks. Plants were pregerminated for 48 h in a seed germinator, and their roots were dipped in inoculum immediately before they were planted. Immediately after the plants were planted, 10 ml of inoculum was added to each pot. Two seedlings were planted per pot and then thinned to one per pot after 10 days. Four uninoculated plants were included as controls for outside or cross-contamination. Plants were grown in 6-liter pots of horticultural perlite containing 300 g of crushed oyster shells to control rhizosphere acidification (22) . The methods of McClure and Israel (29) were used to provide a nitrogenfree nutrient solution for plant growth. Experiments were conducted in the winter of 1987 in a greenhouse. Natural light intensity was supplemented for 18 h each day with metal halide lamps that provided 150 microeinsteins m-2 S-1 of photosynthetically active radiation at the pot level.
Acetylene reduction assays were carried out on excised root systems at each sampling date by the method of Sloger (35) . After incubation, the nodules from each root system were removed, counted, and weighed. Nitrogenase activities were estimated as micromoles of ethylene produced per plant per gram (fresh weight) of nodule tissue.
Sample nodules from each plant were surface sterilized, crushed, and plated onto YEM agar, with bromothymol blue used as an indicator for contaminating bradyrhizobia (37, 39) . R. firedii produces an acid reaction (25) on this medium.
Nodule isolates were also screened for the proper plasmid profile (24) . All nodule isolates showed the characteristic acid reaction and plasmid profile.
After acetylene reduction assays, plants were separated into leaves, stems, roots, and nodules; dried at 70°C for 48 h; weighed; and then ground through a screen with 1-mmdiameter holes by using a Wiley Mill. The nitrogen concentration for each plant part was determined by a microKjeldahl technique (17, 31) .
Analysis of data. Data were subjected to analysis of variance, regression, and general linear modeling by the computer programs developed by the Statistical Analysis System (18) . To pool data from separate sampling dates, a logarithmic transformation was used whenever appropriate (36) . Strains and sampling dates were designated as fixed effects for statistical tests.
RESULTS
Colony morphology and melanin synthesis. R. fredii USDA 206 and its derivatives were compared for colony morphology on 20 different media. Figure 2 shows the different colony morphologies found on YEM medium. Strains USDA 206, 206C, and 206CA appeared identical on YEM and all other media tested. were no obvious differences in the distribution of the nodules on the root systems of any plants. Strain 206CANS showed a significantly higher nitrogenase specific activity of both sampling dates and a higher per plant nitrogenase activity at 32 days after inoculation than USDA 206 did. Likewise, the nitrogenase activity per plant for strain 206CA was significantly higher than the activity for USDA 206. Nitrogenase specific activity and per plant nitrogenase activity of strain 206CANS was significantly higher than those for strain 206CAB. At 49 days after inoculation, strain 206CANS had a 49% higher nitrogenase activity per plant than strain 206CAB did, while the levels at 32 days after inoculation were similar for both strains (<1% difference). The two nitrogenase measurements were not significantly different for strains 206CA and 206CANS.
Dry matter and nitrogen accumulation. No significant differences were found for dry weight comparisons of whole plants or plant parts (Table 5) . Likewise, none of the derivatives differed significantly from strain USDA 206 in nitrogen accumulation by the whole plant or any plant part. Strain 206CANS had a significantly higher nitrogen concen- "DAI, Days after inoculation.
Measurement of the per plant nitrogenase levels.
"Measurement of the nitrogenase specific activity.
tration in nodules than those in nodules of each of the other strains, while strain 206CA had a significantly higher nodule nitrogen concentration than those in nodules in strains USDA 206, 206C, and 206CAB. When the data obtained on the different dates were pooled, the nitrogen concentration in nodules was correlated directly with whole plant dry weight, although no significant differences in dry weights were found. 
DISCUSSION
A total of more than 300 MDa of plasmid DNA was cured from R. fiedii USDA 206. A portion of that DNA on Sym plasmid pRj2O6c is known to code for nif genes (3, 9, 27 ), yet no dramatic loss of symbiotic properties resulted from the curing. With the exception of an increase in nitrogenase activity and the percentage of nitrogen in nodules of strain 206CA plants, no alteration in symbiotic effectiveness was correlated with the loss of a plasmid. For all other comparisons, only strain 206CAB showed differences. The most dramatic difference was a change in colony morphology. Strain 206CAB was also more sensitive to high temperatures.
The most obvious differences in the five strains studied surrounded strain 206CANS. The altered symbiotic properties of 206CANS followed the same pattern as those of 206CA, but they were more enhanced. However, nitrogen accumulation by 206CANS-inoculated plants was not significantly different from that by plants inoculated with USDA 206, although the value was higher for 206CANS. Coupled with this was a nonsignificantly higher nitrogen concentration in nodules formed by 206CANS. For each parameter, the differences between strains were greater at 49 than at 32 days after inoculation. This may indicate a late increase in nitrogenase activity by strain 206CANS. In this case a symbiotic effectiveness study carried out over a longer period of time may show significant increases in nitrogen accumulation.
In contrast to an earlier report (28) , no differences were seen for nodulation or nitrogen fixation by strain 206C when compared with that by the wild type. The methods and conditions used for comparison were basically the same, with two exceptions. The present study was carried out during February and March, while the earlier study (28) was done during the summer months, thus allowing for a temperature effect. Also, in the present study we included crushed oyster shells in the pot culture to control acidification, while they were not used in the other study (28) . Comparisons of temperature and pH sensitivities of strains USDA 206 and 206C in culture indicated that there were no differences. However, additional data (Barbour and Elkan, in preparation) indicate that there may be a difference in the acid tolerance of the two strains. The derivative 206C was rapidly out-competed by USDA 206 in an unbuffered batch culture medium, while there was little difference in competitiveness between the strains when a buffered medium was used. Therefore, if the bacteria were under pH stress during nodulation, 206C may have been affected more than USDA 206. It should be noted that plant yield was greater in the present study, indicating that plants in the previous study (28) were under stress compared with those in the present study. Thus, general plant health may have indirectly influenced symbiotic effectiveness.
The most obvious difference between strain 206CANS and the other strains was colony morphology. Strain 206CANS had a Muc-or nonslimy colony morphology on YEM medium, as well as other polyols, and formed approximately 38% of the quantity of wild-type EPS in YEM broth. This strain also lost the ability to form the pigment melanin. Since 206CANS also had a higher copy number of plasmid pRj2O6b (Fig. 1) , it was suspected that one or both of these phenotypes were associated with an increased plasmid copy number. leguminosarum biovar phaseoli with a high-copy-number psi gene were thought to be defective in normal nodulation, although analysis was difficult because of the instability of the plasmid carrying the cloned psi gene (6) . Conversely, strain 206CANS apparently had a normal nodulation capacity. This difference could exist because R. leguminosarumn biovar phaseoli mutants with a high copy number of psi formed less than 1% of the wild-type EPS level, while strain 206CANS formed 38% of the wild-type amount of EPS and may have been sufficient for normal nodulation. In general, it has been found that naturally occurring nonslimy colony morphology variants of other rhizobia or bradyrhizobia have higher nitrogen fixation rates than those of the comparable slimy variants (19, 38) . Strain 206CANS seemed to follow this pattern.
Strain 206CAB forms a translucent colony, similar to the colony morphology of mutants described for fast-growing, broad-host-range Rhizobiutm sp. strain NGR234 (11) . The NGR234 translucent mutants showed host-specific effects, as they formed nitrogen-fixing (Fix') nodules on some hosts, formed Fix-nodules on some hosts, and failed to nodulate other hosts. It remains to be seen whether strain 206CAB shows such a host-specific response.
Strain 206CANS had a different colony morphology than USDA 206 on all polyol carbon sources tested. Debelle and Sharma (15) have hypothesized that polyols may be provided by the host plant as a carbon source for R. meliloti, as the nodG gene of R. meliloti RCR2011 shares significant homology with the ribitiol dehydrogenase gene of Klebsiella aerogenes. Therefore, a differential morphology after growth on polyols may have a bearing on symbiosis, even though no colony morphology differences have been seen after growth on some other carbon sources.
The genes responsible for the synthesis of melanin and the regulation of melanin synthesis have been described for R. legiuminosarium biovar phaseoli (5, 7). Melanin is not made by strains of R. leguininosarirm biovar t-ifolii or R. legiuminosacruim biovar viciae (25) . Unlike the analogy with the psi gene, no such analogy exists between the strain 206CANS Mel-phenotype and the genetic nature of melanin regulatory genes in R. legirninosarium biovar phaseoli. The only regulatory genes described have been positive regulatory genes which are required for melanin synthesis. However, like R. leguiminosaruiim biovar phaseoli (26) , strain 206CAN S does not require the synthesis of melanin for symbiotic nitrogen fixation. It appears that none of the three plasmids cured from R. fredii USDA 206 is necessary for normal symbiosis. However, it is also apparent that at least one of the plasmids, pRj2O6b, is involved in both free-living growth and symbiosis.
